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Abstract 
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Atomic  Force/Firiction  Force  Microscopes  (AFM/FFM)  were  used  to  study  tribological 
properties  of  metal-particle  tapes  with  two  roughnesses,  Co-7Fe203  tapes  (unwiped  and  wiped), 
and  unlubricated  and  lubricated  thin-film  magnetic  rigid  disks  (as-polished  and  standard  textured). 
Nanoindentation  studies  showed  that  the  hardness  of  die  tapes  through  the  magnetic  coating  is  not 
uniform.  These  results  are  consistent  with  the  fact  that  the  tape  surface  is  a  composite  and  is  not 
homogeneous.  Nanoscratch  experiments  performed  on  magnetic  tapes  using  silicon  nitride  tips 
revealed  that  deformation  and  displacement  of  tape  surface  material  occurred  after  one  pass  under 
light  loads  (~  100  nN).  A  comparison  between  friction  fcvce  premies  and  the  corresponding  surface 
roughness  {noflles  of  all  samples  tested  shows  a  poor  ccxrelation  between  localized  values  d* 
friction  and  surface  roughness.  Detailed  studies  of  frictitMi  and  surface  profiles  demtmstrate  an 
excellent  correlation  between  localized  variatitm  of  the  slope  of  the  surface  roughness  along  the 
sliding  directitMi  and  the  localized  variarion  of  frictitm.  Atomic-scale  friction  in  magnetic  media 
and  natural  diamond  appears  to  be  due  to  adhesive  and  ratchet  (roughness)  mechanisms. 
Directitmality  in  the  local  variarimi  of  atomic-scale  friction  data  was  obsoved  as  the  samj^es  were 
scanned  in  either  directitm,  resulting  from  the  scarming  direction  and  the  anisotre^y  in  the  surface 
tqpogrr^ihy.  Atranic-scale  coefficient  of  fricticHi  is  generally  found  to  be  smaller  than  the  macro 
coefficient  o(  friction  as  there  may  be  less  ploughing  contributitxi  in  atomic-scale  measurements. 
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1.  Introduction 

Magnetic  tapes  and  disks  are  widely  used  recording  media  in  the  inframation  storage  (audio, 
video,  and  data  processing)  industry.  The  reccaxling  (writing)  and  retrieving  (reading)  of  the 
information  to  and  from  these  media  require  the  relative  motion  between  a  read/write  head  and  a 
medium  (Bhushan,  1990).  Fcxmation  of  air  bearing  minimizes  the  head-medium  contact 
However,  physical  contact  between  the  head  amd  medium  occurs  during  starts  and  stc^.  The  need 
for  ever  increasing  recording  densities  requires  that  the  head  and  medium  suifaces  be  as  smooth  as 
possible  and  the  flying  height  be  near  zero  (contact  rectMxling).  In  order  to  miniaturize  magnetic 
storage  devices  and  to  minimize  friction  and  wear  at  the  head-medium  interface,  the  size  Of  head 
components  is  reduced.  Microfabrication  techniques  allow  the  mass  production  d*  small  heads  on  a 
sub-mm  scale  (Bhushan  et  al.,  1992).  These  heads  would  be  very  light  (on  the  order  of  a 
microgram)  and  would  operate  under  very  light  loads  (on  the  c»der  of  few  milligrams).  As  a  result, 
friction  and  wear  of  lightly  loaded  miciocompcments  are  highly  dependent  on  the  surface 
interactions  (few  atomic  layers).  As  these  micrafahricated  heads  become  reality,  the  study  of 
tribology  on  a  nanoscale  (generally  referred  to  as  *microtribology")  beccanes  a  necessity.  Atomic 
force/friction  force  microscopes  (AFM  /  FFM)  have  been  developed  for  microtribological  studies 
(Mate  et  al.,  1987;  Kaneko,  1988;  Meyer  and  Amer,  1988,  1990;  Kaneko  et  al.,  1991;  Ruan  and 
Bhushan,  1993). 


In  the  construction  of  particulate  magnetic  Uq)es  and  flexible  disks,  sutoiicrcm  magnetic 
particles  are  dispersed  in  a  polymeric  matrix  and  coated  (xito  a  ptdymeric  substrate.  About  1  to  7% 
by  weight  fatty  acid  ester  is  added  to  the  coating  fm*  lutaicaticHi.  In  thin-film  rigid  disks,  a 
continuous  film  cf  magnetic  material  is  deposited  onto  aluminum  or  glass  substrates  by  vacuum 
deposition  techniques.  Fm*  wear  and  corrosion  {mHecticm,  the  magnetic  film  is  coated  with  20  to 
30-nm  thick  diamondlike  carbcHi  (DLC)  coating  and  0.5  to  2-nm  thick  perfluoropdyether  (FTl^ 
lubricant  coating.  To  reduce  sticticm  and  friction,  the  disk  substrate  is  textured  (Bhushan,  1990). 
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Fch*  an  optimized  roughness  distribution  for  the  tape  and  disk  surfaces,  it  is  impcalant  to 
understaiKl  the  relationship  between  localized  variations  in  the  surface  roughness  and  friction.  The 
lubricant  film  in  magnetic  disks  does  not  have  uniform  distribution  (Mate  et  al..  1989;  Bhushan 
and  Blackman,  1991).  As  a  result,  the  friction  behavior  could  vary  locally.  A  number  pe^rs  on 
AFM/FFM  studies  of  magnetic  thin-film  disks  have  afqpeared  in  the  literature  (Blackman  et  al.. 
1990a,  1990b;  Miyamoto  et  al.,  1990;  Bhushan  and  Blackman  1991;  Kaneko  et  al..  1991;  Andc^  et 
al.,  1992;  Hamada  and  Kaneko  1992;  Mate,  1992).  Kaneko  et  al.  (1991)  were  unaUe  to  estaUish 
any  relatiotiship  between  local  variations  in  frictitxi  and  surface  roughness.  AFM  imaging  data  of 
magnetic  tapes  was  presented  by  Oden  et  al.  (1992).  No  papers  exist  on  FFM  data  of  magnetic 
tapes. 


In  this  paper,  we  present  nanohardness,  nanoscratch  and  atomic-scale  friction  measurements 
on  various  tapes  and  disks.  We  present  an  analysis  to  establish  correlation  between  localized 
variation  in  friction  and  surface  roughness  data.  A  polished  natural  diamcmd  was  also  measured  for 
reference,  for  the  purpose  of  eliminating  any  effect  which  may  be  result  from  changes  in  chemical 
composition  of  the  sample  surface.  The  atomic-scale  friction  data  have  been  compared  with 
macroscopic  data. 

2.  Experimental 

2.1  Description  of  AFM /FFM  and  Measuranent  Techniques 

We  used  an  AFM/FFM  to  omduct  hardness/scratch,  and  fricticm  measurements.  Friction 
measurement  technique  has  been  described  in  a  companion  paper  by  Ruan  and  Bhushan  (1993). 
The  AFM/FFM  used  here  can  provide  simultaneous  measurements  <if  fricticm  force  and  surface 
roughness.  The  sample  is  mounted  cm  a  piezoelectric  tube  (PZT)  seamin’  which  can  piecasdy  scan 
the  sample  in  the  horizontal  (x-y)  |dane  and  can  move  the  samfrie  in  the  vertical  (z)  directiem.  A 
sharp  tip  at  the  free  end  c^  a  SbN4  beam  is  brought  in  ccmtact  with  the  samj^e.  A  laser  beam  from 
a  laser  diode  is  focused  emto  the  back  of  the  cantilever  near  its  free  end.  The  cantilevn*  is  tilted 
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downward  at  about  10^  with  respect  to  the  hcwizontal  plane.  The  beam  is  reflected  from  the 
cantilever  and  is  directed  through  a  mirror  onto  a  sf^it  photodetector  with  four  quadrants.  Two 
quadrants  (top  and  bottom  -  T  and  B)  of  the  detectm’  are  used  during  the  measurement  of  the 
topografrfiy  df  sample  surface.  As  the  samjrie  is  scanned  under  the  tip,  tc^giaphic  features  o[  the 
sample  cause  the  tip  to  deflect  in  vertical  directioiL  This  tip  deflection  will  change  the  direction  o( 
the  reflected  laser  beam,  changing  the  intensity  difference  between  the  top  and  bottom 
photodetector  (AFM  signal).  A  feedback  circuit  is  used  to  modulate  the  vdtage  ^^ied  to  the  PZT 
scarmer  to  adjust  the  height  of  the  PZT,  so  thiU  the  cantilever  vertical  deflection  <x  the  nmmal 
fcHce  (given  by  the  intensity  difference  between  the  top  and  bottom  detector)  will  remain  almost 
constant  during  scanning.  Thus  the  PZT  height  variation  is  a  direct  measure  of  surface  toughness 
of  the  sample. 

In  nanoindentation  studies,  sample  was  loaded  in  contact  with  the  tip.  During  loading,  tip 
deflection  (normal  force)  was  measured  as  a  function  of  z  position  of  the  sample.  For  a  rigid 
sample,  the  tip  deflection  and  the  sample  traveling  distance  (when  the  tip  and  sample  come  into 
contact)  equal  to  each  other.  Any  decrease  in  the  tip  deflection  as  compared  to  z  position  of  the 
sample  represented  indentation.  In  nanoscratch  studies,  samide  was  scanned  twice  at  each  of  the 
two  ncnmal  loads:  10  and  100  nN.  Any  changes  in  the  topogrtq>hy  were  believed  to  occur  as  a 
result  of  local  deformation  of  the  sample  surface. 

A  (Heferred  method  of  measuring  fricti<»  fcxce  is  described  by  Ruan  and  Bhushan  (1993).  In 
this  method,  the  other  two  (left  and  tight)  quadrants  of  the  photodetectOT  (arranged  horizrxitally) 
are  used  fm*  the  measurement  of  friction  fcxce  being  allied  at  the  tip.  The  sample  is  scanned  back 
and  fcMth  in  a  directimi  perpendicular  to  the  longitudinal  axis  of  the  cantilever  beam.  Frictitm  force 
between  the  samite  and  the  tip  will  produce  a  twisting  of  the  cantilever.  The  laser  beam  will  be 
reflected  out  of  the  plane  defined  by  the  incident  beam  and  the  beam  reflected  vertically  from  an 
untwisted  cantilever.  This  produces  an  intensity  difference  of  the  laser  beam  received  between  the 
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left  and  right  quadrants  of  the  photodetector.  The  intensity  difference  between  the  left  ami  right 
detectors  (FFM  signal)  is  directly  related  to  the  degree  of  twisting,  hence  to  the  magnitude  of 
friction  force.  One  proUem  associated  with  this  method  is  that  any  misalignment  between  the  laser 
beam  and  the  photodetector  axis  would  introduce  error  in  the  measurement  By  adding  the  average 
of  the  two  FFM  signals  obtained  by  scanning  the  sample  in  two  (^^xisite  directions  and  dividing 
by  two,  and  then  substracting  this  component  from  either  profiles,  the  misalignment  effect  can  be 
eliminated.  By  following  ncxmal  force  and  friction  force  calibratitm  procedures  developed  by 
Ruan  and  Bhushan  (1993),  voltages  ccNresponding  to  iKxmal  and  friction  forces  can  be  converted 
to  force  units.  By  making  measurements  at  various  normal  loads,  average  value  of  coefficient  of 
friction  is  obtained  which  then  can  be  used  to  convert  the  friction  profile  to  the  coefficient  of 
friction  pronie.  Thus,  any  directionality  and  local  variation  of  friction  can  be  easily  measured. 
Surface  topogrq}hy  data  can  be  measured  simultaneously  with  the  fricticm  data  and  local 
relationship  between  the  two  profiles  can  be  estaUished.  During  AFM  /FFM  measurements, 
typical  scanning  speed  was  500  nm/s  and  stej^ng  speed  in  the  perpendicular  direction  was  4  am/s 
for  a  l|j.m  x  1pm  area.  Speed  was  increased  by  a  factor  of  ten  fcM-  a  10  pm  x  10  pm  scan,  and 
decreased  correspondingly  for  smaller  area  scans.  Average  values  of  coefficient  of  frictitxi  were 
measured  over  both  1  pm  x  1  pm  and  10  pm  x  100  pm  scan  areas.  Local  variation  of  frictitxi  were 
measured  over  smaller  areas  (0.4  or  0.5  pm)  fcxr  darity. 

For  cmnparisons,  mactoscr^c  fricticm  measurements  were  also  made  using  various 
iq>paratuses.  For  magnetic  tapes,  two  different  redprocating  testNS  were  used.  In  (me  of  the 
a{^)aratus,  a  tape  was  wra{^)ed  over  a  Ni-Zn  ferrite  rod  and  slid  in  a  reciprocating  modem  with  a 
0.2  N  load  attached  cm  one  end  and  a  load  cell  attached  (m  the  otha-  mid.  The  tiqm  was 
reciprocated  at  a  speed  (^  about  60  mm/s  (Bhushan,  1990).  In  the  other  tester,  a  aliocm  nitride  ball 
(5-mm  diameter  with  3-nm  rms  roughness)  was  redprocated  against  a  tape  surfatre  mounted  (m  a 
red]xrocating  taUe  under  the  fdlowing  cemditions:  redprocating  ami^itude=0.8  mm,  frequency^! 
Hz,  and  ncxmal  load=0.2  N.  For  macrofrictiem  measurements  of  magnetic  disks,  a  A^Os-TiC 
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slider  was  slid  against  a  disk  at  a  normal  load  of  0. 1  N  and  sliding  qwed  of  0.4  m/s  (Bhushan  and 
Venkatesan,  1993). 

Z1  TestSampIcs 

For  this  study,  four  tapes  and  four  disks  wm  selected.  Two  12.7-mm  wide  and  13.2-iim 
thick  (base  thickness  of  9.8  pm.  magnetic  coating  of  2.9  pm,  and  back  coating  of  0.5  pm)  metal- 
particle  (MP)  tapes  with  nns  roughness  of  about  5  nm  (calendeted  tape)  and  of  about  10  nm 
(uncalendered  tape)  were  sdected  to  study  the  effect  of  roughness.  Two  12.7-mm  wide  and  n-pm 
thick  (back  coated)  Cxyy  Fe203  tapes  were  selected  before  and  after  wipe  to  study  the  dfect  of 
wipe  material.  [Webs  are  wiped  before  slitting  and  slit  wd»  (tapes)  are  further  wiped  to  remove 
any  contaminants.]  Two  thin-film  rigid  disla  with  a  pdished  substrate  and  other  two  with  a 
standard  textured  substrate,  with  and  without  a  bonded  perfluoroptdyether  woe  selected.  These 
disks  were  9S-mm  in  diameter  made  of  Al-Mg  alloy  substrate  (13  mm  thick)  with  a  10  to  20-pm 
thick  electroless  plated  Ni-P  coating.  75-nm  thick  {Coj^i^h)  magnetic  coating,  20  to  30-nm 
thick  diamondlike  caibon  (~1500  kg/mm^)  coating,  and  with  or  without  top  layer  of  lubricant 
coating. 

3.  Results  and  Discussion 

3.1  Nanoindentation  and  Nanoscrateh 

We  first  presrat  the  nanoindaitation  results  of  two  metal-partide  tapes  shown  in  Hg.  1.  In 
this  figure,  the  votical  axis  represents  die  cantilever  ddlecdon  and  the  horizootal  axis  represents 
the  vertical  (z)  position  of  the  sample.  The  "extending”  and  "retracting”  curves  correspond  to  die 
sam[de  bdng  moved  towards  or  away  from  die  cantilever  tip  respectively.  In  diis  ejqioiment,  as 
the  samite  surface  iqiprooches  die  AFM  tip  widiin  a  few  nm  (point  A),  an  attractive  force  exists 
between  the  atoms  of  the  tip  and  sample  surfaces.  The  tip  is  pulled  toward  the  sam|4e  and  die 
contact  occurs  at  point  B.  As  the  sam|4e  is  purfied  fuither  against  the  tip,  die  force  at  die  interface 
inoeases  and  the  cantilever  is  ddlected  upward.  This  deflection  equals  die  8am}4e  traveliqg 
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distance  measured  from  point  B  for  a  rigid  samfrie.  As  the  sam[de  is  retracted,  the  force  is  reduced. 
At  pmnt  D  in  the  retracting  curve,  the  sam|;de  is  disengaged  frcan  the  tip.  Before  the 
disengagement,  the  tip  is  pulled  toward  the  downward  direction  due  to  the  attractive  fence.  The 
force  required  to  pull  the  tip  away  from  the  samite  is  the  force  diat  equals  (but  in  the  (^)po6ite 
directiem  with)  the  adhesive  force.  This  force  is  probably  due  to  a  layer  of  contaminant  (such  as 
water)  on  the  sample  surface  (Mate  et  al.,  1969;  Blackman  et  al.,  1990a).  The  horizontal  shift 
between  the  loading  and  unloading  curves  results  from  the  hysteresis  of  the  PZT  tube. 

For  a  rigid  sample,  the  cantilever  deflecticm  and  the  sample  traveling  distance  (when  the  tip 
and  sample  come  in  contact)  equal  to  each  other.  This  corresponds  a  sl<^  of  1  in  the  deflection 
curve  toward  the  left  side  of  contact  point  (pennt  B).  Fcm’  a  soft  material,  the  sl(^  could  be  less 
than  1,  i.e.,  the  cantilever  deflectitm  can  be  smaller  than  the  samf^e  traveling  distance  because  the 
tip  can  indent  into  the  samite.  For  a  calendered  magnetic  tape,  shortly  after  the  samf^e  touches  the 
tip.  the  slope  of  this  curve  is  less  than  1  which  suggests  that  the  tape  has  been  itxlmited;  as  the  load 
is  increased,  slope  d*  the  curve  equals  1,  Fig.  la.  This  observation  indicates  that  the  surface  of  tape 
is  soft  locally  (possibily  polymer  rich)  but  it  is  hard  (as  a  result  uniform  dispersiem  of  magnetic 
particles)  underneath.  For  an  uncalendered  magnetic  tape,  the  cantilever  deflecticm  equals  the 
samfde  traveling  distance  initially,  but  is  smaller  than  the  tape  traveling  distance  as  the  load  is 
increased.  This  suggests  that  tape  surface  is  hard  (particle  rich)  but  it  is  soft  undmieath.  Since  the 
exact  ccmtact  area  is  not  known,  the  actual  hardness  value  ctf  the  t^ws  can  not  be  calculated. 
Typical  behavior  shown  in  Fig.  la  for  the  calendered  tape  was  also  observed  at  few  Icmations  in  the 
uncalendered  tiqm  and  the  typical  behavicx’  shown  in  Hg.  lb  for  the  uncalendered  tape  was  also 
observed  at  few  locations  in  the  calendered  tiqm.  Botii  behaviors  were  observed  in  each  of  the  two 
Co-YFe203  tapes . 

As  shown  in  Fig.  2,  fem  both  lubricated  and  unlubricated  disks  (as-polished),  slope  c^  the 
deflection  emrves  is  1  and  remains  constant  as  tiie  disks  touch  and  cemtinue  to  push  the  AFM  tip. 
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Disks  are  not  indented.  The  only  difference  between  the  two  disks  is  that  the  pull-<^f  force  is  larger 
for  the  lulnicated  disk  than  for  the  unlubricated  disk.  Pull-t^f  force  is  determined  by  multiplying 
tlK  cantilever  spring  constant  (0.4  N/m)  by  the  htNizontaJ  distance  between  points  C  and  D.  which 
ctMiesponds  to  the  maximum  cantilever  deflection  towards  the  disks  before  the  tip  is  disengaged. 
The  horizontal  distance/  pull-off  force  is  larger  for  the  lubricated  disk  (160  nm  /  64  nN)  than  for 
unlubricated  disk  (105  nm  /42  nN).  This  phencxnenon  was  also  observed  for  textured  disks,  where 
the  pull-off  fences  were  about  80  nN  and  SO  nN  for  the  lulmcated  and  unlubricated  disks, 
respectively. 

We  observed  topographic  changes  in  the  tapes  at  relatively  high  ncnrnal  load  (100  nN). 
Figure  3  shows  the  topography  of  a  calendered  metal-particle  tape  obtained  at  two  different  loads. 
For  a  given  normal  load,  measurements  were  made  twice.  There  was  no  discemiUe  difference 
between  consecutive  measurements  fen*  a  given  ncnmal  load.  However,  as  the  load  increased  from 
20  to  1(X)  nN,  material  (indicated  by  an  arrow)  was  pushed  towards  the  right  side  in  the  sliding 
direction  of  the  AFM  tip  relative  to  the  sample.  The  material  movement  is  believed  to  occur  as  a 
result  of  friasde  defotmadon  of  the  tape  surface.  Similar  behavicM’  was  observed  tm  all  t^^es.  With 
disks,  we  did  not  nodee  any  defotmadon  under  a  100  nN  normal  load. 

Magnedc  tape  coadng  is  made  of  magnedc  pardcles  and  ptdymeric  binder.  Any  movment  of 
the  coadng  material  can  eventually  lead  to  loose  debris.  Debris  fexmadtm  is  an  undesirable 
situadon  as  it  may  contaminate  the  head  which  may  increase  ftiedon  aailot  wear  between  die  head 
and  tape,  in  addidon  to  the  deteritxadon  of  the  tape  itself. 

3,2  FHctkm  Measurements 

Atomic-scale  and  macro  fiicdon  data  for  all  tapes  and  disks  are  {nesmted  in  tables  1  and  2. 
We  note  that  atomic-scale  coefHcient  of  ftiedon  of  the  uncalendered  metal-particle  ti4}e  is  higher 
than  that  of  a  calendered  tape,  and  wiped  tape  exhibits  slightly  hi^er  atomic-scale  frictitm  than 
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unwiped  tape,  however,  the  opposite  is  true  for  macrofriction.  Atomic-scale  coefficient  friction 
of  as-poIislKd  and  textured  disks  are  similar,  however,  macrocoelTicient  of  friction  of  a  textured 
disk  is  lower  than  that  for  as-polished  disk.  Lubricated  disks  exhibts  lower  atomic-scale  and 
macrofricticni  than  unlubicated  disks.  With  a  larger  scan  area,  the  atomic-scale  coefficient 
friction  decreases  in  the  case  of  tapes,  but  increases  in  the  case  of  disks.  We  further  note  that  in  all 
cases,  atomic-scale  friction  is  smaller  than  the  corresponding  macrc^riction. 

Next,  we  examine  the  relationships  between  friction  and  roughness  profiles.  Fch-  selected 
data,  see  Figs.  4  to  7.  Fcm*  all  tapes  and  disks  measured,  there  is  no  resemblance  between  the 
coefficient  of  friction  prc^iles  and  the  corresponding  roughness  profiles,  e.g.,  high  or  low  points  on 
the  friction  profile  do  not  correspond  to  high  (h*  low  points  on  the  roughness  profiles.  However, 
spatial  distribution  the  two  f»xrflles  appears  to  be  similar,  i.e.,  the  view  of  the  two  prc^iles 
appears  to  consist  of  "mosaics*  of  similar  sizes.  We  calculated  the  slope  of  roughness  [»x>nie  in  the 
tip  sliding  directicHi.  The  resulting  slope  profiles^  along  with  the  corresponding  roughness  and 
friction  profiles  are  plotted  in  Figs.  4,  6,  and  7  ,which  correspond  to  data  for  a  calendered  metal- 
particle  tape,  a  textured  and  an  as-polished  lubricated  disks,  respectively.  By  comparistms  of  the 
slope  and  friction  profiles,  we  observe  a  strong  correlation  between  the  two.  Also  see  Figs.  10  and 
1 1,  to  be  presented  later.  As  shown  in  Hg.  S,  this  correlation  is  also  seen  from  the  similar  power 
spectrum  density  functicMis  of  the  slope  and  friction  prc^iles.  The  relative  intensity  of  high 
frequency  compcments  of  the  friction  profiles  is  larger  than  that  of  the  C(XTesp(»ding  roughness 
prc^ile.  This  is  ccmsistent  with  the  discussion  that  friction  variaticxi  resemUes  die  variation  of  the 
slqje  (derivative)  of  surface  roughness.  In  general,  the  relative  amplitude  of  each  frequency 
cmnponent  is  magnified  by  a  factor  proporticmal  to  the  frequency  going  from  a  function  to  its 
derivative  function. 

To  further  verify  the  relaticmship  between  surface  slope  and  micrctfriction  values,  and  to 
eliminate  any  effect  resulting  from  mmuniform  composition  of  tape  and  disk  surfaces,  we 
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measured  a  polished  natural  (Ila)  diamond.  Repeated  measurements  were  made  along  one  line  on 
the  surface.  Highly  reproducible  data  were  obtained.  We  present  roughness  profile,  the  slope  of  the 
roughness  profile,  and  the  friction  profile  of  diamond  in  Fig.  8.  Again  the  variation  of  friction  does 
correlate  to  the  variation  of  the  slope  of  the  roughness  profile  taken  along  the  sliding  diiecticm  of 
the  tip. 

We  now  examine  the  mechanism  of  atomic-scale  friction  which  may  explain  the  resemUance 
between  the  slope  of  surface  roughness  profiles  and  the  corresponding  friction  profiles.  There  are 
three  dominant  mechanisms  of  fricticm:  adhesive,  adhesive  and  roughness  (ratchet),  and  ploughing. 
As  a  first  order,  we  may  assume  these  to  be  additive.  Adhesive  mechanism  altme  cannot  exfdain 
the  local  variation  in  friction.  Let  us  consider  the  ratchet  mechanism.  According  to  Bowden  and 
Tabor  ( 1950)  and  Tabor  ( 1979),  we  consider  a  small  tip  sliding  over  an  asperity  making  an  angle  0 
with  the  horizontal  plane,  Fig.  9.  The  ncxmal  force  (ntxmal  to  the  general  surface)  allied  by  the 
tip  to  the  sample  surface  W  is  ccmstant  Fricticm  fwce  F  on  the  samfde  varies  as  a  function  of  the 
surface  roughness.  It  would  be  a  oMistant  for  a  smooth  surface  in  the  presence  of  "adhesive" 
friction  mechanism.  The  force  components  along  (5)  and  perpendicular  to  {N)  the  local  surface  of 
the  sample  at  the  contact  point  are, 

N  =  Wcosd  +  Fsind  ( 1) 

S  =  Fcosd  -  WsinO.  (2) 

Since,  when  sliding  occurs.  S/N  =/io  (adhesive  coefficient  erf  friction  without  roughness  effect),  we 
obtain  the  value  erf  coefficient  trf  fricticMi  because  of  adhesive  and  roughness  (ratdiet)  effects 
/i/=  F/W=  f/io  +  tandXl-iio  tanB),  (3a) 

where  fij  is  the  local  coeflicient  erf  frictiem.  Since  po  is  small  cm  an  atcxnic  scale.  Eq.  (3a)  can  be 
rewritten  as 

lii~Ho  +  tan0,  (3b) 

indicating  that  in  ascending  the  slope  one  may  simfdy  add  the  adhesion  and  the  asperity  term  to 
one  another.  Similarly,  cm  the  right  hand  side  (descending  part)  of  the  asperity. 
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1^2  =(^lo-f^^)(J+^k)tanO) 


(4a) 

(4b) 


~  /io  -  tand, 

if  iio  is  small.  For  a  symmetrical  asperity,  the  average  coefTident  of  friction  the  AFM  tip 
experienced  in  traveling  across  the  whole  asperity  is 
/W  =(/iy+Ai2>)/2 

=^(l+tar?d)/(l-pi(ptan^^  (5a) 

~tio(l+tarfi6),  (5b) 

if  Ho  is  small.  The  ploughing  component  of  friction  (Bowden  and  Tabor  1950)  with  tip  sliding  in 
either  direction, 

f^tand.  (6) 

Since  in  the  FFM  measurements,  we  notice  little  damage  of  the  sample  surface,  the  contribution  by 
ploughing  is  expected  to  be  negligiUe  and  the  ratchet  mechanism  is  believed  to  be  the  dominant 
mechanism  for  the  local  variations  in  the  fricticm  proHle.  With  the  tip  sliding  over  the  leading 
(ascending)  edge  an  asperity,  the  slope  is  positive,  it  is  negative  during  sliding  over  the  trailing 
(descending)  edge  of  the  asperity.  Thus,  frictirm  is  high  at  the  leading  edge  of  asperities  and  low  at 
the  trailing  edge.  The  ratchet  mechanism  thus  exi^ain  the  axrelation  between  sl(^)es  of  the 
roughness  profiles  and  frictirm  prxrfiles  observed  in  Hgs.  4,  6  to  8.  We  note  that  in  the  ratchet 
mechanism,  AFM  tip  is  assumed  to  be  small  as  compared  to  the  size  of  asperities.  This  is  valid 
since  the  tyi»cal  radius  of  curvature  of  die  tips  is  about  30  nm.  The  radius  curvature  d*  the 
asperities  of  the  samides  measured  here  (the  asperities  that  produce  most  of  the  friction  variation) 
is  found  to  be  typically  about  100-200  nm  whidi  is  larga*  than  that  of  the  AFM  tip  (Bhushan  and 
Blackman,  1991).  Lower  values  of  atomic-scale  friction  as  compared  to  macrofriction  may  be 
because  of  less  {doughing  ccmttibution  in  miox^riction  measuranents. 

Since  the  local  coefficient  of  friction  /i  is  a  function  of  the  local  slope  of  sample  surface,  the 
local  ^  can  thus  be  diffoent  as  the  scaruiing  direction  of  the  samfde  is  reversed.  Hgures  lOand  11 
show  the  gray  scale  {dots  of  slqie  of  toughness  {xoTiles  and  friction  ptt^ile  foracalendoed  metal- 
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particle  tape  and  an  unlubricated  textured  disk,  respectively.  The  left  sitte  of  the  figures 
corresponds  to  the  sample  sliding  from  the  right  towards  the  left  The  right  side  of  the  figures 
corresponds  to  the  sample  sliding  from  left  towards  the  right  (the  sl<^)es  were  taken  opposite  to  the 
sample  sliding  directions).  We  note  lliat  generally  the  points  which  have  high  frictitm  in  the  left  to 
right  scan  have  low  fricticm  as  the  sliding  direction  is  reversed.  This  relaticmship  is  not  true  at 
some  locations.  Thus,  directionality  in  local  variaticm  of  the  atomic  friction  data  is  observed. 

If  asperities  in  a  sample  surface  have  a  preferential  orientation,  this  directionality  effect  will 
be  manifested  in  macroscopic  friction  data,  that  is,  the  coefficient  of  friction  may  be  larger  in  erne 
sliding  direction  than  that  in  the  other  direction.  Such  phenomenon  has  been  observed  in  rubbing 
wool  fiber  against  horn.  It  was  found  that  the  coefficient  of  friction  is  greater  when  the  wool  fber 
is  rubbed  towards  its  root  than  when  it  is  rubbed  towards  its  tip  (Mercer, 1945;  Lipsem  and  Mercer, 
1946;  Thomson  and  Speakman,  1946;  Bowden  and  Tabor  1950).  Makinson  (1947)  explained  the 
directionality  in  the  friction  by  the  "ratchet"  effect  Here,  the  ratchet  effect  is  the  result  of  large 
angle  0,  where  instead  of  true  sliding,  rupture  or  deformation  the  fine  scales  wool  fiber 
occurs  in  one  sliding  direction.  We  note  that  the  frictional  directionality  can  also  exist  in  materials 
with  particles  having  a  preferred  orientation. 

4.  Summary 

We  have  conducted  nanoindentation,  naiKiscratch,  and  atomic-scale  frictiem  studies  on 
magnetic  tapes  and  disks  using  AFM/FFM.  The  hardness  of  the  Uq;)es  was  found  to  be  ncxiunifonn 
through  the  coatings.  Localized  plastic  deformation  o(  tapes  was  observed  under  about  100  nN 
applied  normal  load.  We  found  a  strong  axrclatitxi  between  slope  of  the  surface  profile  (in  the 
sliding  direction)  and  the  atcnnic-scale  friction  profile.  We  also  observed  directionality  in  the  local 
variation  of  atomic-scale  friction  and  noted  that  atomic-scale  friction  values  are  generally  lower 
than  that  of  the  corresponding  macro  fricticni  values. 
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Figure  Captions 

Fig.  1  Indentation  curves  of  two  metal-particle  tapes  (a)  calendered,  (b)  uncalendered. 


Fig.  2  Indentation  curves  of  (a)  unlubricated  and  (b)  lubricated  textured  disks.  The  pull-off  force 
is  larger  in  the  lubricated  disk  (64  nN)  than  in  the  unlubricated  disk  (42  nN)  calculated  fivxn  the 
horizmital  distance  between  points  C  and  D  and  the  cantilever  spring  constant  of  0.4  N/m. 

Fig.  3  Surface  roughness  profiles  of  a  calendered  metal-porticle  magnetic  tape.  The  api^ied 
normal  force  was  10  nN  and  100  nN  for  (a)  arxl  (b)  respectively.  Location  of  the  change  in  surface 
tqx>graphy  as  a  result  microscratch  is  indicated  by  arrows. 

Fig.  4  (a)  Surface  roughness  prcrfile  (<s=  7.9  run),  (b)  slope  of  die  roughness  profile  taken  along 
the  samfde  sliding  directiem  (the  horizcmtal  axis)  (mean=  -0.006,  o=  0300),  and  (c)  friction  prc^ile 
(means  5.S  nN,  os  2.2  nN)  a  calendered  metal-particle  tape  fw  a  normal  load  o(  70  nN.  There 
is  poor  correlation  between  the  surface  roughness  and  fricdoiL  However,  the  slope  of  the 
rcHighness  profile  has  an  excellent  correlation  with  the  friction  profile,  (a  is  the  standard 
deviatirxi). 

Fig.  S  Frequency  spectrum  (a)  the  surface  roughness,  (b)  slope  of  the  toughness,  and  (c) 
friction  profile  shown  in  Fig.  4.  Votical  scale  is  logarithmic. 

Hg.  6  (a)  Surface  roughness  profile  (os  4.4  nm),  (b)  dope  of  the  toughness  pn^le  takm  along 
the  samide  sliding  direction  (means  0.023,  os  0.197),  arxl  (c)  friction  profile  a  textured  and 
lubricated  disk  (means  6.2  nN,  o=  2.1  nN)  for  a  normal  load  of  160  nN. 
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Fig.  7  (a)  Surface  roughness  profile  (a=  1.9  nm).  (b)  slope  of  the  roughness  profile  takra  along 
the  sample  sliding  directicm  (mean=  0.001.  0.111),  and  (c)  friction  profile  of  an  as-polished  and 

lubricated  disk  (inean=6.0  nN.  a=  1.5  nN)  fOT  a  normal  load  of  160  nN. 

Fig.  8  Surface  roughness  profile  (0=15.4  nm).  slope  of  the  roughness  profile  (meams-0.QS2, 
0=0.224)  and  friction  fxofile  (o=2. 1  nN)  of  a  polished  natural  (Ila)  diamond  crystal.  The  slope  of 
the  roughness  profile  closely  resemUes  the  friction  profile. 

Hg.  9  Schematic  illustrati<xi  showing  the  effect  of  an  asperity  (making  an  angle  0  with  the 
horizontal  {dane)  on  the  surface  in  contact  with  the  tip  on  local  friction  in  the  presence  of 
"adhesive*  friction  mechanism  (TatxM’.  1979). 

Hg.  lOOray-scale  plots  of  (a)  the  slope  the  surface  roughness  and  (b).the  friction  of  a 
calendered  metal-particle  tape.  The  left  side  of  the  figure  oorresponds  to  the  sample  sliding  frmn 
right  to  left  and  the  right  side  of  the  figure  corresponds  die  samfde  sliding  from  left  to  right  Higher 
points  (in  friction  or  in  roughness  sl<^)  are  shown  by  lighter  color. 

Hg.  11  Oray-scale  jrfots  (a)  the  slope  of  the  surface  roughness  and  (b)  the  friction  of  a 
lubricated  textured  disk.  The  left  side  of  the  figure  coneqponds  to  the  sample  diding  from  right  to 
left  and  the  right  side  the  figure  corresponds  the  sample  sliding  from  left  to  right  Ifigher  points 
are  shown  by  lighter  color. 
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Table  1.  Surface  roughness  and  atomic-scale  and  macro  friction  data 

of  magnetic  tape  samples 
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Table  2  Surface  roughness  and  atomic-scale  and  macro  fiiciton  data 

of  magnetic  disk  samples 


DiskLD. 

RMS(nm) 

Atomic-scale 
coefficient  of 
friction 

Macro 

coefficient 

offriciton 

NOP 

AFM 

250  ^m 

1  ^m 

10  ^m 

1  ^m 

10  (im 

against 

Al2C^-TiC 

Unlubricated  disk 
(as-polished) 

2.2 

3.3 

4.5 

0.05 

0.06 

0.26 

Unlubricated  disk 
(standard  texture) 

4.2 

4.4 

9.3 

0.05 

0.06 

0.24 

Lubricated  disk 
(as-polished) 

2.3 

2.3 

4.1 

0.04 

0.05 

0.19 

Lubricated  disk 
(standard  texture) 

4.6 

5.4 

8.7 

0.04 

0.05 

0.16 

Z  Podtion  -!5  lun/div 


Tip  deflection  *8  nm/div  Tip  deflection -8  nm/div 
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Fuji  Calendered  tape,  trace 
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Fuji  M.P.  tape,  calendered.  Retrace 
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Lubricated  textured  disk,  Trace 
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Lubricated  textured  disk.  Retrace 
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Lubricated  textured  disk.  Trace 
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Lubricated  textured  disk.  Retrace 


